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INTRODUCTION

To better understand the role of DNA replication in breast cancer, it is essential to examine the
machinery that carries out the DNA synthetic process. Our laboratory has successfully purified a
complex of proteins from breast cells that is fully competent to carry out T-antigen dependent,
SV40 origin specific DNA replication invitro, which we have termed the DNA synthesome
(Malkas et al., 1990). Analysis of the constituent proteins of the DNA synthesome of malignant
and non-malignant breast cells by two-dimensional polyacrylamide gel electrophoresis (2D
PAGE) has uncovered a modification in an essential DNA replication protein, proliferating cell
nuclear antigen (PCNA) (Bechtel et al., 1998). 2D PAGE- analysis revealed that PCNA of
malignant breast cells resolves as two distinct species, a unmodified form and a modified form,
while PCNA present in non-malignant cells resolves exclusively as one form, the modified form.
PCNA functions by forming a trimeric “sliding clamp” that encircles the DNA and interacts with
the DNA polymerases & and € (Krishna et al., 1994; Zhang et al., 1998; Eki, T. ). Polymerase &
carries out leading strand DNA synthesis, and although a role for polymerase € has not yet been
ascribed, it has been hygothesized to function in DNA repair. Another protein that interacts with
PCNA is pZIWAFUCIP VS "pa1 is a CDK inhibitor that, when induced by p53 in response to
DNA damage binds PCNA and effectively competes away polymerase 0 leading to the efficient
inhibition of DNA replication. This inhibition impedes the replication of damaged DNA and
theoretically allots time for the cell to repair its damaged DNA. Therefore, any alterations of the
" PCNA molecule could potentially abrogate p21binding leading to replication of damaged DNA
and/or insufficient time for DNA repair. It is our goal to study the interaction of p21 with the
modified and non-modified forms of PCNA and to investigate any functional consequences
alterations in PCNA/p21 binding may have on DNA replication, DNA repair, and DNA
replication fidelity.



Progress Report

Purification and separation of the two forms of PCNA

Two dimensional polyacrylamide gel electrophoresis (2D PAGE) and electroelution of the
different forms of PCNA in MCF?7 cells was performed in an attempt to purify the two forms of
PCNA. Initially, MCF7 cells were fractionated to a clarified nuclear extract and post-microsomal
(NE/S3) fraction and placed onto a Phosphocellulose column. Phosphocellulose dissociated the
synthesome multiprotein complex and resolves PCNA from the DNA polymerases and other
synthesome associated DNA replication proteins. The column eluate fraction containing PCNA
was then passed over a hydrophobic Phenyl Sepharose column followed by anion exchange
chromatography (Q Sepharose). Purified PCNA was then loaded onto 2D PAGE and resolved.
One of the gels was silver stained and analyzed using the Melanie II software. Analysis predicted
the general location of the PCNA species and empirically predicted the isoelectric points (pls) of
the two species. The pls for PCNA were 4.74 for the unmodified (cancer specific) form, which is
close to the theoretical pI for PCNA (4.56), and 6.96 for the modified (non-malignant) form. The
unmodified form and modified form of PCNA were then excised from four parallel 2D PAGE
gels and electroeluted into 25mM HEPES buffer pH 7.2 using a Mini Whole-Gel Eluter (Bio-
Rad). The presence of PCNA in the electroeluted fractions was determined by slot blotting (Life
Technologies, Inc.), and the fractions containing PCNA were subsequently tested by 2D PAGE.
 The 2D gels confirmed the presence of the unmodified form in the electroelute; however, 2D
analysis of the modified form of PCNA in the electroelute demonstrated the exclusive presence
of the cancer-specific form. It was concluded from these data that the modification of PCNA was
lost in either the electroelution or, more probably, the second dimension SDS PAGE step.
Because of the apparent loss of modification, new approaches to separating the two forms of
PCNA have begun to be developed.

In order to separate the two forms of PCNA, an alternative chromatographic protocol was
employed. The Q-Sepharose chromatography has been replaced with cation exchange
chromatography (SP Sepharose). PCNA eluted off the Phenyl Sepharose column will be dialyzed
into 50mM potassium phosphate buffer with a pH of 3.0. Because the pH of the buffer is below
the pls for the two forms of PCNA, the molecules will have a positive character and bind to the
SP Sepharose. The unmodified form can now be eluted from the column in 50mM potassium
phosphate pH 5.75, and because the pH of this buffer is still below the pl of the modified form, it
will still bind the column and not be eluted. The modified form can then be eluted into 50mM
potassium phosphate pH 8.0. Although this protocol was somewhat effective at separating the
two forms of PCNA, an easier and more consistent method was subsequently developed utilizing
a salt gradient rather than a pH shift to eluted PCNA from the SP Sepharose column. In addition,
the pH of the buffer was changed to 50mM malonic acid containing ImM DTT, pH 5.8. This
new protocol allowed for the cancer-specific form to flow through the column, while binding the
non-malignant form. Elution of the column into a linear NaCl gradient up to 0.5M yielded a
essentially homogenous solution of the nonmalignant form of PCNA. The flow through fraction
containing the cancer-specific form of PCNA was then further purified by passage over a Q-
Sepharose column in 50mM Tris-HCI, 0.1M KCI, 1mM DTT, pH 9.0, followed by elution into a
linear KCL gradient up to 1M. Resolution of the cancer specific form of PCNA by 2D-PAGE
isolated using this protocol demonstrated a single form of PCNA that focuses at 4.7 pl, however,



problems have been encountered while trying to confirm the plI of the non-malignant form of
PCNA isolated off of the SP Sepharose column. Initial identification of fractions containing
PCNA were accomplished by slot blotting/ Western blotting with anti-PCNA (PC10, Oncogene
Sciences, Inc.)antibodies, but the PCNA concentrations of the fractions were too dilute and
contained too high of a salt concentration to be effectively resolved on an isoelectric gel.
Manipulation of the samples in effort to increase the protein concentration was attempted
numerous times using numerous available methods with little effectiveness. Due to the strong
hydrphobicity of the protein, ultrafiltration yielded a lower protein concentration than that of the
staring material. Speed-vacuum lyophilization was also attempted, and the protein fell out of
solution and was not recoverable even with the highly denaturing conditions of the 2D-PAGE
sample buffer. Precipitation with NH3SO4 had similar results.The major issue was determined to
be solubility. Dialysis and freeze-thawing of the sample was shown to precipitate the majority of
the purified non-malignant form of PCNA, which most probably due to PCNA’s strong
hydrophobicity and it’s propensity to from multimers. Interestingly, isolation of the cancer-
specific form does not seem to readily form aggregates when purified. Use a different buffer,
20mM citrate, pH 4.8 and 20% v/v ethylene glycol during the SP Sepharose chromatography in
combination with dilution and size exclusion chromatography using G-25 beads in attempt to
change the buffers pH while stabilizing the non-malignant form of PCNA in solution have been
performed with increasing success. However, confirmation of the proper pl for the purified non-
malignant form of PCNA must still be completed.

Cloning PCNA into a protein expression vector

In order to study PCNA and its modification(s) we are going to express and modify the protein in
vitro. To do this we cloned the PCNA from MCF7 cells. The cDNA sequence encoding the
entire PCNA translation unit was prepared using Superscript Preamplification System First
Strand DNA Synthesis (Life Technologies, Inc.) followed by cloning of the amplified cDNA into
the vector pCR2.1 (InVitrogen) according to the manufacturers instructions. Total RNA was
isolated using Trizol reagent (Life Technologies, Inc.). Second strand DNA synthesis was carried
out by priming the first strand cDNA with oligonucleotide 5’-GCGTTGTTGCCACTCCGC-3’
on the 5’ end of the cDNA and 5’-GCAGTTCTCAAAGAGCTTAG-3’ on the 3’ end of the
cDNA and amplifying the primed first strand using reverse transcriptase PCR.

Subcloning of the cDNA was done using the pDUAL expression and cloning kit according to the
manufacturer’s protocol (Stratagene). Briefly, Eam1104I restriction sites were engineered onto
the 5’ ends of the PCR primers 5’-ATGTTCGAGGCGCGCCTGGTCCAG-3’ and 5’-
AGATCCTTCATCCTCGATCTTGGGAGC-3’ and the amplified PCNA cDNA was inserted
into the pDUAL expression vector. Purification of PCNA is accomplished using Calmodulin
Affinity Resin (Stratagene) which specifically binds a Calmodulin Binding Protein (CBP) tag
fused to the C-terminus of the protein.

2D PAGE, tryptic digestion of PCNA, MALDI-TOF, and ESI-MS/MS mass spectrometry

A new approach has been employed to identify the amino acid sequence harboring the PCNA
modification. MCF7 cells were fractionated and PCNA was purified through a Q Sepharose
chromatography as outlined in above. The two forms of PCNA were then resolved on 2D PAGE




and visualized by silver staining using Silver Stain Plus (Bio-Rad). The spots corresponding to
PCNA are then excised from the gel and digested with trypsin. The resultant peptide fragments
are then resolved using an MALDI-TOF mass spectrometer in the negative ion, reflectron mode.
The molecular masses of the peptide fragments obtained by MALDI-TOF mass spectrometry are
then used to search protein sequence databases available on the inter-net. Sites of post-
translational modification can then be determined by increases in the apparent molecular masses
of the peptide fragment(s). The mass difference of these shifted peptide fragments will give
insight into the identity and location of the modification(s) on PCNA.

Using a Voyager DE STR MALDI-TOF mass spectrometer (PerSeptive Biosystems, Inc.) we
were able to resolve peptide fragments derived form PCNA excised from 2D PAGE, and by
searching the proteomics database Protein Prospector (UCSF), we were able to identify the
protein as PCNA by its tryptic digest pattern. Further work will enable us to resolve the modified
fragment(s) identifying the location and nature of the modification(s).

An additional approach to identification of PCNA structure and post-translational modification
has been employed with promising results. Phosphocellulose chromatography and phenyl
Sepharose chromatography followed by resolution on 2D-PAGE first isolated the two forms of
PCNA. The 2D-PAGE gels were then stained with colloidal Coomassie (Pierce) and spots at or
near the pI and molecular weight for the two forms of PCNA were removed and subjected to in

- situ digestion with sequencing grade trypsin (Promega). The extracted peptide fragments were

then subjected to separation by reverse-phase HPLC and fed directly into a LCQ ion trap mass
spectrometer (Finnagen) by electrospray ionization (ESI). Dissociation of the parent peptide by
collision with an inert gas yielded peptide sequence data that allowed for protein identification
using two different search algorithms, Mascot and Seaquest, which identified at least two distinct
spots on the 2D-PAGE gels that correspond to PCNA. Analysis of the peptides (11 peptides were
identified out of 21 that contain no missed tryptic cleavage sites) did not yield any post-
translational modifications except for oxidized methionines. To better identify the possible
protein modifications on PCNA, spots corresponding to PCNA will be digested in situ by two or
more different proteolytic enzymes, trypsin, Lys C, or cyanogen bromide, which will allow for
identification and analysis of a greater number of proteolytic fragments spanning a larger area of
the PCNA protein ultimately aiding in identification of peptides/amino acids harboring post-
translational modifications and their structure.

In vitro transcription and translation of GST-p21

To study the interactions of p21 with the two forms of PCNA, GST- p21 protein was produced in
vitro using E. coli T7 S30 Extract System for Circular DNA (Promega) for use in Far Western
blotting experiments (see below). GST-p21 was labeled by addition of *H-leucine to the in vitro
transcription and translation reaction and purified on a Glutathione Sepharose column
(Amersham Pharmacia). Presence of in vitro protein product was confirmed by SDS-PAGE and
autoradiography.

Co-immune precipitation, GST pull-down assays, and Far Western blotting



To demonstrate that the modification(s) on PCNA effects its ability to interact with p21, three
different experimental approaches were taken. First, the interaction of p21 with the two forms of
PCNA was examined by co-immune precipitation. MCF7 cells were fractionated to a NE/S3 and
incubated with monoclonal anti-p21 antibody (DF10, Oncogene Research) at 4°C for 2 hours.
The antibodies were then bound to Protein-A-Agarose (Oncogene Research) and washed. The
precipitate was then resolved by 2D PAGE, transferred to nitrocellulose, and Western blotted
using anti-PCNA antibody (PC10, Oncogene Research) (Figure 4). Secondly, GST pull-down
experiments were performed. GST-p21 was purified from inclusion bodies E. coli BL21 (DE-3)
cells (Stratagene) and purified using Glutathione Sepharose. MCF7 NE/S3 was then added to the
GST-p21 conjugated Glutathione Sepharose beads and incubated at 4°C for 2h. The beads were
washed and loaded onto 2D PAGE. The 2D gels were transferred to nitrocellulose and Western
blotted with PCNA antibody. The co-immune precipitation and GST pull-down experiments
showed similar results. They both demonstrated the presence of PCNA; however, the
precipitated PCNA has a pl in-between that of the two forms of PCNA found in the MCF7
NE/S3 control. Another assay used to elucidate binding of p21 to PCNA was Far Western
blotting. Far Western blotting utilizes a Western blotting approach that uses a labeled p21 instead
of PCNA antibody to detect PCNA. MCF7 NE/S3 was first resolved on 2D PAGE and
transferred to PVDF membrane. The proteins immobilized on the membrane were then
denatured in buffer containing 6M guanidine HC] for 1h, slowly refolded in 3M guanidine HCI
and step-wise down to 0.187 M and finally into buffer. The re-natured membranes were
- incubated with Jabeled GST —p21 (see above) over night at 4°C. The membranes were washed
three times with buffer, dried, sprayed with En’Hance (New England Nuclear) and exposed to
autoradiography at —80°C. Despite numerous attempts, we were unable to detect p21 binding to
PCNA on 2D gels by Far Western blotting. Although spots are visible on the autoradiographs,
indicating p21 binding, none of the spots overlap PCNA visualized by Western blotting of 2D
gels run in parallel. Due to the inability of these experiments to demonstrate that the
modification(s) on PCNA effects p21 binding, we have begun to take a new experimental
direction.

BIACORE analysis of the interactions between p21 and the two forms of PCNA

To definitively show that the modification(s) on PCNA affects its ability to interact with p21, we
have now begun to use BIAcore 2000 surface plasmon resonance (SPR) mass spectrometer
(BIAcore, Inc). The cancer-specific and non-malignant forms of PCNA isolated as described
above (Purification and separation of the two forms of PCNA) were bound to BIACORE CM-5
chips by carbidamide linkage. Next, varying concentrations of p21 were passaged over the chip
surface. Binding events were detected by changes in molecular mass. Concentrations of p21 at
1000nM, 800nM, 400nM, 200nM, 100nM, and 50nM were passaged over the cancer-specific
form of PCNA bound to the sensor chip at a flow rate of 100ul/min for 30s, and the binding
reactions were subjected to analysis using BIAevaluation software version 2.1 (BIAcore, Inc.).
The binding of p21 non-malignant form of PCNA was also analysed using the same reaction
conditions although the concentrations of p21 were 678nM, 339nM, 113nM, 85.2nM, and
28.4nM. The Ky values for p21 binding events were 1.04 X 107 for the cancer-specific form of
PCNA, and 1.07 X 10 for the non-malignant form of PCNA demonstrating a 10,000-fold
greater affinity of p21 for the non-malignant form of PCNA as compared to the cancer-specific
form of PCNA. Although the 1:1 Langmuir binding models assigned to the empirically derived



data fit the curves accurately enough to assume that any departure of the derived curves from the
model is noise, further experimental data must be generated to definitively assign a K4 for the
two interactions. According to Myszka et al. BIACORE kinetic data must performed in such a
manner as to control for the effects of avidity and mass action. Therefore, the BIACORE
experiments were performed by linking PCNA (and not p21) to the sensor chip in order to avoid
any possible avidity effects PCNA may ‘have on the surface of the chip through the forming
multimers. Additionally, the flow rates were increased to 100 pl/min and the surface exposure to
p21 was limited to 30s to limit mass action. However, the response units (RU) of the kinetic
experiments should also be kept below 50 RUs in order to minimize mass action, and these
experiments were preformed with 182 RUs for the cancer-specific form and 61 RUs for the non-
malignant form and would therefore need to be repeated. Along with lowering the RUs for the
reactions, competition experiments will also be performed in the presence of synthetic peptides
derived from the p21 interacting interdomain connector loop as well as a non-specific region of
PCNA that does not bind p21 in varying concentrations to demonstrate the specificity of the

PCNA p21 interaction.



Key Research Accomplishments

Performed 2D PAGE and electroeluted PCNA

Tryptic digested PCNA excised from 2D PAGE and analyzed peptide fragments by
MALDI-TOF mass spectrometry

Cloned PCNA into pDUAL plasmid expression vector

Co-immune experiments using anti-p21 antlbody and analysns of prec1p1tated PCNA by
2D PAGE

Precipitation of PCNA by GST-p21 and analysis by 2D PAGE

In vitro transcription, translation and purification of GST-p21

Far Western blotting of 2D PAGE with *H labeled GST-p21

Purified the cancer-specific and non-malignant forms of PCNA from MCF7 cells
Identified PCNA sequence by ion-trap mass spectrometry

Empirically derived Kd values for the cancer-specific and non-malignant forms of
PCNA binding to p21 using BIACORE
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Conclusions

¢ The unmodified form of PCNA has a pI of 6.96

e The modified form of PCNA has a pI of 4.76

¢ The modification to PCNA is apparently lost upon 2D PAGE and its subsequent
electroelution from the gel

e The two forms of PCNA can be purified by ion-exchange chromatography taking into
account their pls

e The modified form of PCNA forms aggregates in solution upon purification

e Co-immune precipitation of PCNA with anti-p21 antibody produces a species of PCNA
with an apparent pl different than that of the unmodified and modified forms

e GST-p21 pull down assays also produce a species of PCNA with a different pI identical
to that of the co-immune precipitation

e Labeled recombinant GST-p21 is unable to bind PCNA in the Far ‘Western
experiments, which could be a function of the loss of modification mentioned above

e Sequence data has been generated from in situ digestion of PCNA resolved by 2D-
PAGE followed by MS/MS using a ion trap mass spectrometer

e Although PCNA has been identified by mass spectrometry, the structure and location of
the modification has yet to be elucidated

.*  The modified form of PCNA interacts with p21 with an apparent K, of 1.07 X 10™

e The non-modified form of PCNA interacts with p21 with an apparent K; of 1.04 X107
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A. In your own words, how would you briefly describe the invention?

This invention effectively purifies two different forms of the mammalian DNA replication protein
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culture and from tissue has consistently shown the appearance of a modified and a non-modified form of
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* malignant cells demonstrated an exclusive presence of a non-modified form of PCNA in the malignant
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supervision on a research project; or

(C) supplies, reagents, animals, tissues, cells, or any other materlals used in a research project.

1.Entity: Cells, columns, consumables Grant # (if applicable): CA83199 to LHM
Termination date: 2005 Brief explanatory notes:

2.Entity: Cells, columns, consumables Grant # (if applicable): #CA74904 to RJH
Termination date: 8/00 Brief explanatory notes:

3.Entity: Cells, columns, consumables Grant # (if applicable): CA73060 to LHM
Termination date: 2000 Brief explanatory notes:

4.Entity: Salary , fringe benefits, student Grant # (if applicable):

fees to DJH

Termination date: 2002 Brief explanatory notes:

7. Uses and Applications. What are the possible uses for the invention? What products could be
developed? In addition to immediate applications, are there other uses that might be realized in the future?
The possible uses for this invention include development of a diagnostic assay to test for malignancies of

" the breast and other tissues and its use as a standard for comparing stages of malignancies detected using

this diagnostic assay. The invention would also be useful for determination of protein structure for the
design/screening of therapeutics targeted to either of the two forms of PCNA.

8. Novel Features. Pick out and expand on the novel and unusual features of the invention. How does it
differ from present technology? What problems does it solve? What advantages does it possess?

The novel feature of this invention is that it successfully purifies two nearly identical species of the same
protein by utilizing the differences in charge (pl). The invention solves the problems encountered when
analyzing the differences in the two forms of PCNA. It can serve as an assay standard for diagnostic tools
utilizing the two forms of PCNA and as an essentially pure target for the analysis and development of
new anti-neoplastic agents.

9. Obstacles. Does the invention have any disadvantages or limitations? How can they be overcome?
The nmPCNA purified using these methodology forms aggregates and becomes insoluble when the
sample is freeze-thawed. The result is a loss of protein upon storage.

10. Future Research Plans

A. What additional research is needed to complete development and testing of the invention?

Proper buffers and conditions must be developed for stabilization of purified nmPCNA enabling long-
term storage and conditions for shipment. The purified nmPCNA must be tested to demonstrate that the

protein has the correct pl.

B. Is this research presently being undertaken? Yes[X] No[]
If yes, under whose sponsorship? NIH and US Army (see 6.B.)

Entity: RO1 awarded to LHM and pre- Grant # (if applicable): CA83199
doctoral fellowship awarded to DJH.

Termination date: 2005 and 2002 Brief explanatory notes:

11. Inventors’ Publications/ Presentations.
A. Has the invention or a similar invention in whole or in part been described in a publication?
("Publication" for this purpose includes abstracts of talks, news articles, scientific papers, poster sessions,
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web postings, thesis, etc.)

Yes X No[]
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PLEASE PROVIDE EXACT DETAILS INCLUDING DATES AND ATTACH COPIES OF ANY

PUBLICATIONS TO THIS SUBMISSION;
Date: 4/2001 Citation: Isolation and Characterization of the Non-Malignant Form o PCNA from

MCF7 Breast Cancer Cells.
Brief Explanatory Notes: Poster presented at the annual meeting of the American Association of Cancer
Research
Date: Citation:

Brief Explanatory Notes:

Date: Citation:

Brief Explanatory Notes:

B. Has the invention been described orally at meetings or seminars?
Date: Citation:

Brief Explanatory Notes:
Date: Citation:

Brief Explanatory Notes:

Date: Citation:

Brief Explanatory Notes:

C. Are you planning any disclosure of the invention in the future? ‘What type of disclosure and
approximately when?

Date: Citation:

. Brief Explanatory Notes:

Date: Citation:

Brief Explanatory Notes:

Date: Citation:

Brief Explanatory Notes:

PLEASE NOTE: In order to complete review of your invention report and timely

filing of a patent application, if appropriate, ORD may require up to 60 days before
any future publication date.

12. Prior Art
A. A literature search should be done by the inventor to identify publications relevant to this invention.

Please list publications and any related patents you may know of. Use additional sheets if necessary. Free
patent searches can be performed on-line using the IBM searcher (http://www.patents.ibm.com/) or the
USPTO home page (http://www.uspto.gov/patft/index.html). Free Medline literature searches can be
performed using the PubMed searcher (http://www.ncbi.nlm.nih.gov/PubMed/). Please attach a print-out
of relevant hits.

B. Do you know of relevant information presented at a public talk, trade fair, sales catalogue? Has the
invention or a similar product been used publicly or has it been offered for sale?
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13. Marketing Information
A. Has there been any commercial interest in this invention? Please name companies and specific

contacts.
Minerva Pharmaceuticals. Ken Blackman, Gary Siebert

B. What companies do you think may be interested in this invention? Why?
Minerva Pharmaceuticals would be interested in this purification scheme because they are currently
attempting to develop a diagnostic test utilizing the two forms of PCNA.

C. What companies make products currently in the market that compete with your invention?
None.

D. What is the potential size of the market? For example, if the invention is a new therapeutic agent, can
you give an estimate of the number of people afflicted in the U.S. and abroad?
>200,000/year in the United States

E. If your invention would be primarily used in countries other than the U.S., please suggest which
countries and give a brief explanation.

F. What other research groups are working on similar inventions and where are they located?
" None.

Please note: If ORD pursues patent protection based on this invention report, it will be necessary to have
a commercial licensee identified within approximately 18 months of patent application filing.

ORD will contact you to schedule a meeting with our patent attorney and

technology administrator following receipt of this report.
THANK YOU
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I. ESCHERICHIA COLI: THE ARCHETYPE MODEL FOR REPLICATION OF A
DNA GENOME

IA. General Scheme for Escherichia coli (E. coli) DNA Replication

Over the last 30 years an abundance of biochemical and genetic data have accumulated
identifying at least 30 proteins required to replicate the bacterial E. coli DNA genome (1).
The E. coli genome consists of a relatively small circular chromosome comprised of 4.7
million base pairs (Mbp), which, upon receiving the proper cellular signals, is replicated
prior to cell division. Chromosomal DNA replication in E. coli can be divided into three
discrete stages beginning with initiation. Once initiation occurs, a 42 minute constant
period (C period) is required for chromosomal replication. After initiation, the elongation
stage takes place. The elongation stage is the most time consuming phase of the
replication process and is where the vast majority of the DNA is synthesized. The final
stage of E. coli DNA replication, designated the termination phase, marks the end of the
C period. It is accompanied by the generation of two independent daughter
chromosomes. The cells then enter cell division (D period) which lasts approximately 20
minutes yielding two genetically identical bacteria. Because of the 20 to 60 minute
doubling time and the relatively small DNA content of the chromosome, E. coli was the
first organism used to study the mechanisms of DNA replication. In this section the

specific mechanisms involved in E. coli DNA replication will be presented.

I B. The Initiation of E. coli DNA Replication

Chromosomal DNA replication in E. coli is initiated at a unique sequence, the
chromosomal origin of replication or oriC (2). OriC is composed of a minimal region of
245 bp that contains three 13 bp AT-rich domains and four 9 bp sequences (dnaA boxes)
that bind the initiation protein dnaA, Figure 1. Initiation at oriC occurs through the
binding of the dnaA protein to the 9-bp repeats in the presence of ATP and another
protein, HU, Figure 2. Twenty to 40 dnaA monomers organize with HU into a protein
core to which the oriC DNA is wrapped, forming the initial complex. Formation of the
initial complex places the three 13 bp AT-rich domains in close proximity to the dnaA

core, and in an ATP-dependent manner, dnaA melts the AT-rich domains sequentially




starting with the domain closest to the core. The melting of the AT-rich domain results in
the formation of a bubble of single-stranded DNA that quickly becomes coated with
single-stranded DNA-binding protein (SSB). Binding of SSB to single-stranded DNA in
effect stabilizes the single-stranded structure. A dimeric protein complex dnaB-dnaC is
then directed towards the single-stranded DNA through an interaction with dnaA. Here,
dnaB recognizes single-stranded DNA and using its intrinsic 5’—3’ helicase activity
further unwinds the DNA in an ATP-dependent fashion. Extension of the unwound
region of the DNA by dnaB creates a prepriming complex. At this point, the DNA is

ready for elongation.

I C. E. coli DNA Replication Elongation Events

Once the prepriming complex has formed, single-stranded DNA is accessible, allowing

for the synthesis of a new daughter strand of DNA on the parental template. However, in
order for the replicative polymerase, DNA polymerase III holoenzyme (DNA pol III HE),
to synthesize DNA, it must have a 3’-OH terminus from which it will elongate. This
function is accomplished by a primosome. Although there is much confusion about what
exactly constitutes a replicative primosome in E. coli, two proteins, the helicase dnaB,
and an RNA primase, dnaG, are absolutely essential. However, for the purpose of this
article, we will concentrate on replication initiated from oriC, and thus the primosome to

which we will refer simply consists of dnaB, dnaC, and dnaG.

DnaG, an RNA primase, interacts with dnaB, the helicase recruited to the prepriming .
complex stimulating the activity of dnaB. In turn, this interaction stimulates the primase
activity of dnaG, which then synthesizes a 10-12 ribonucleotide (RNA) primer on both
strands of the DNA duplex at the replication fork. The DNA pol III HE, the replicative
DNA polymerase, is now directed to the replication fork by an interaction with the dnaB-
dnaG complex, Figure 3. At the fork, DNA pol III HE begins synthesizing nascent

strands of DNA from the primers.

DNA pol IIT HE is a protein complex composed of at least 10 different proteins and can

carry out DNA synthesis at a rate of nearly 1000 nucleotides/minute. As the replication



fork progresses, DNA pol III HE must synthesize DNA onto two separate templates. As
stated above, the DNA strand oriented in the 5’—3’ direction, the same direction as
replication fork movement, is referred to as the leading strand, while the template
orientated in the 3’—5’ direction is considered the lagging strand. Leading strand
synthesis is accomplished by DNA pol III HE synthesizing extensive lengths (>0.5 Mbp)
of DNA. However, due to the antiparallel nature of the DNA and the ability of DNA pol
III to synthesize DNA exclusively in the 5’—3’ direction, a problem occurs when
attempting to synthesize DNA on the lagging strand. How do you synthesize DNA in a
5’—3’ direction while moving in a 3’—5’ direction? Okazaki and co-workers first
proposed the solution to this problem in the 1970s, and the answer lay in the
discontinuous synthesis of small 1000-2000 bp DNA fragments subsequently termed
Okazaki fragments (3). Synthesis of the lagging strand is completed by looping small
sections of the DNA strand and placing them in the 5°—3’ orientation. DNA pol IIl HE
is then able to synthesize DNA onto these small looped sections of DNA, creating an
Okazaki fragment. Once complete, the DNA pol IIl HE cycles to a new looped segment
of the DNA strand 5’ to the recently completed Okazaki fragment and again begins to
synthesize DNA. The end result is a long stretch of Okazaki fragments on the lagging
DNA strand that can be joined or ligated together to form one long contiguous stretch of

DNA.

DNA pol III HE can be resolved into its individual protein components. Isolation of
these protein components has afforded valuable data about the enzymology and
stoichiometry of DNA pol IIl HE. The core of DNA pol III HE is composed of three
proteins, &, € and 6. The o subunit contains the catalytic activity and is able to
synthesize DNA in the 5°—3° direction, while the € subunit contains a 3’—5’
exonuclease and serves a structural function. The contribution(s) of 0 to the core has yet
to be determined. Although the pol III core has catalytic activity, its DNA synthetic
processivity is extremely low. In other words, the pol III core is able to only synthesize
very short stretches of DNA using a parental template. This processivity is increased by
the addition of 7. 7 causes two pol III core complexes to dimerize, forming a DNA pol

III’ complex. Through an interaction with dnaB, 7 is able to coordinate the helicase



activity of the replication fork with leading strand synthesis. Addition of another group

of proteins, the y complex, to the DNA pol III’ complex yields yet a more processive

complex, DNA pol HI*.

The y complex consists of six proteins, including T. A T dimer interacts with a y dimer,
anchoring the Yy complex to DNA pol III’. T and vy are protein products of the same gene,
dnaX; however, v is truncated by a translational frame shift and is unable to dimerize the
DNA pol III cores or interact with dnaB. T and y are now able to associate with two other
proteins & and &’. High-affinity binding of 83’ to Ty requires a preceding interaction with
another two proteins, y and y (4,5). W, an insoluble protein by itself, tightly binds % and,
although not a lot is known about the protein, appears to form a bridge between 7 and the
¥ complex through its interaction with 88°. j functions by an interaction with dnaG
primase and SSB, and it has been proposed that through this interaction the “hand-off” of
the primer from dnaG to the the DNA polymerase is accomplished during Okazaki
fragment synthesis of the lagging strand. Wy is now bound to 86’, which, in turn, is
bound to Ty completing the functional y complex. Finally, the addition of a  protein

dimer converts the DNA pol III* complex to the highly processive DNA pol III HE (6,7).

The B subunit of DNA pol III HE is a member of a group of proteins called processivity
factors. The B dimer encircles the DNA forming a “sliding clamp.” The B sliding clamp
then interacts with DNA pol III* through an interaction with the o subunit and, in effect,
tethers the polymerase to the DNA, greatly increasing its processivity. In order for 3 to
act as a processivity factor, it must first be loaded onto the DNA and positioned in such a
way as to promote DNA polymerization. As it turns out, § clamp loading onto DNA is

accomplished through the action of the Y complex of DNA pol III* mentioned earlier.

The vy clamp-loading complex has been an area of intense study. This is because the
complex is not only responsible for clamp loading but also for positioning f§ at the primer
terminus. Clamp loading is an ATP-dependent reaction requiring the hydrolysis of two

molecules of ATP per clamp-loading event. The reaction is initiated at the replication



fork where a B dimer is bound to the d subunit of the Y complex. The interaction with &
opens the dimer and loads the clamp onto the DNA in an ATP-independent manner.
Recently, it has been suggested that & may also unload B from the DNA following
completion of the synthesis of an Okazaki fragment. Once loaded onto the DNA, f must
be positioned at or near the 3’-OH terminus of the RNA primer so as to allow for an
interaction with the o catalytic subunit of the DNA polymerase. The translocation and

positioning of § on the DNA is what requires the hydrolysis of ATP, an activity intrinsic

to the Ty subunits. With B now loaded and positioned at the primer termini of the leading

and lagging strands, elongation commences.

The replication forks now begin to move bi-directionally from the origin. The replication
“bubble” formed at the end of initiation begins to expand giving rise to a 0 structure
consisting of the parental chromosome and two newly replicated half circles of daughtef
chromosome. Elongation is completed approximately 40 minutes following the onset of
initiation, and termination occurs at specific sequences on the E. coli chromosome

| approximately 180° away from oriC.

I D. E. coli DNA Replication Termination

Although the events involved in the termination of E. coli replication are poorly

understood, some key features have been described that seem to be essential for the
generation of two daughter chromosomes (8). At the end of elongation, the replication
forks eventually meet at a section of the E. coli chromosome approximately 180° from
oriC, Figure 4. It is in this part of the genome that the replication forks will encounter
specific DNA sequences called termination (fer) sequences. The fer sequences are
arranged on the chromosome in two groups of three direct repeats, each group having the
opposite orientation. The ter sequences function through the binding of a monomer of
the protein Tus. The crystal structure of Tus complexed to a ter sequence has given
insight into its binding and function in termination. Within the protein itself, Tus
contains B sheets that contact the major groove of the DNA and give Tus its binding

specificity. Projected over the DNA binding domain is Tus’ replication fork arresting



domain. Tus arrests the movement of the replication fork specifically by inhibiting the
helicase activity of dnaB, and, although an interaction between dnaB and Tus has been
demonstrated in vitro, the significance of this interaction in vivo has yet to be determined.
Another interesting aspect of Tus is that its helicase-arresting or contra-helicase activity
is polar. Imagine a replication fork moving clockwise along the circular E. coli
chromosome. Upon encountering the first group of three fer sequences complexed with
Tus monomers, the replication fork moves through the sequences unabated. Due to the
orientation of the ter sequences, Tus is unable to block the helicase activity, and therefore
is unable to arrest the replication fork. However, when the replication fork encounters
the next group of three zer sequences with the opposite orientation, helicase activity is
inhibited and replication fork movement is arrested. The arrest of replication fork
movement, however, is only one of the steps involved in termination. Another step is the
separation of the two daughter chromosomes. Through the action of topoisomerase IV,
an enzyme that makes a cut in both strands of a DNA duplex, the daughter chromosomes

are separated from one another.

II. BACTERIOPHAGE MODELS OF DNA REPLICATION
Bacteriophages (phages) have proven to be valuable model systems for the study of DNA

replication. First, phage genomes are considerably smaller than bacterial genomes and
easier to manipulate. Their small genome size makes them rely on many bacterially
encoded proteins for their replication. Finally, phage replication is not restricted by the

temporal events of cell division.

Several phage models have been developed and used to study the mechanisms of DNA
replication in prokaryotes. Some of these models include single-stranded DNA phages
represented by ®X174, and others include double stranded DNA phages represented by
T4, T7 and A. Although the replication of the DNA of these phages contain many
similarities to one another, each of the phage mechanisms is unique. For the purpose of
this article, only a few of these mechanisms (i.e., for A, T7, T4, and ®X174) will be
described. Each of these phage model systems has contributed tremendously to our

understanding of the complex series of events involved in replicating DNA.




II A. A DNA Replication

The A phage is packaged with a double-stranded (ds) linear chromosome that, upon
infection of a bacterium, becomes circular, or cyclizes, through the hybridization of two
cohesive ends called cos sites, Figure 5. Formation of these circular molecules allows for
replication to occur similar to that described for the circular E. coli chromosome (see
above). Requiring only two phage-encoded proteins, protein O (AO) and protein P (AP),
the A chromosomal replication initiates from a specific sequence, oriAd. Unlike the dnaA
dependent initiation of E. coli at oriC, initiation at orid requires the action of a cellular
RNA polymerase (RNAP). RNAP synthesizes an RNA transcript from one of two
promoters present in the origin, through the orid region, which is composed of four direct‘
18bp repeats and a 35-40bp AT-rich region. Synthesis of RNA through the orid,
promotes the bindin'g of A0 to the 18bp sequences much like the binding of dnaA to oriC
in E. coli unwinding the AT-rich region. Priming and replication occur with the
recruiting of dnaB, the cellular helicase, through the interaction of AP with AO. DnaB
further unwinds the DNA at the orid and localizes dnaG to the newly formed single-
stranded DNA enabling it to synthesize the RNA primers on the leading and lagging
strands. Like cellular replication, DNA pol III HE is then recruited to the replication fork
leading to semiconservative DNA synthesis on the A parental DNA template. When the
replication forks on the A DNA meet on the other side of the circular genome replication
is terminated and two daughter molecules are separated. After a few rounds of this
circle-to-circle replication, A switches to a rolling-circle mechanism of replication. This
requires the action of one additional phage-encoded protein, Gam. Rolling-circle
replication proceeds when one strand of the double-stranded circular A chromosome is
cut, thus enabling the free 3’ end to be used as a primer for DNA synthesis. Subsequent
DNA synthesis produces a long stretch of double-stranded, tandomly repeated, linear A
chromosomes, called concatemers. The concatemers are eventually cut at the cos

sequences and packaged into the phage heads.

II B. T7 DNA Replication




The T7 bacteriophage, like A, contains a linear chromosome. However, in contrast to A,
the T7 viral DNA encodes nearly all of the proteins needed for its own DNA replication,
and does not cyclize after infection. Replication of the linear T7 DNA template presents a
major problem, Figure 6. As mentioned above, the DNA polymerases are able to
synthesize exclusively in the 5’—3’ direction and can only elongate from an existing 3’-
OH primer terminus. As with E. coli, T7 also utilizes RNA primers, which presents a
problem at the 5’ ends of a linear template. After the RNA primer synthesized on the §’
end is degraded, the result is a single-stranded 3’ DNA overhang, Figure 6C. Therefore, if
these DNA overhangs are not corrected the linear template would get progressively
smaller, eventually making the virus unviable. To correct 3’ overhangs at the ends of its
genome, phages T7 and T4 have developed clever DNA replication mechanisms, which

will be discussed below.

T7 DNA replication initiates with the action of a virally encode RNA polymerase
(VRNAP). Synthesis of RNA by the VRNAP from two promoters contained in the T7
origin, oriT7, primes the initiation reactions, and is therefore considered R-loop
dependent, Figure 6A. OriT7 consists of a 200bp region, which, in addition to the
promoter elements, embodies a 61bp AT-rich region that contains T7 gene 4 product
(g4P)-binding sites. The resultant RNA/DNA hybrid displaces the DNA strand at the AT-
rich region, allowing for g4P to bind to the non-template strand. The helicase activity of
g4P further unwinds oriT7 in an ATP-dependent fashion. Translocating in the 5’—3’
direction, g4P unwinds the DNA until the first priming site is reached. At the priming
site, g4P then synthesizes an RNA primer with its intrinsic primase activity. Exchange of
the RNA primer from g4P to the T7 DNA polymerase; g5P, establishes the first Okazaki
fragment, which will then serve as a 3’-OH primer terminus for leading strand DNA
synthesis and the progression of the replication fork. In the opposite direction, the RNA
transcript initially synthesized in the initiation reaction serves as the primer for leading
strand synthesis, and another replication fork is assembled and DNA synthesis proceeds
bi-directionally. Termination of DNA synthesis occurs when the replication forks reach

the ends of the linear template.




II C.

After termination, the T7 DNA now contains single-stranded 3° DNA overhangs.
Resolution of the DNA loss associated with the single-stranded DNA overhangs is
accomplished by hybridization of the complementary terminally repeated (TR) ends
present on each adjacent newly replicated chromosome, Figure 6D. This hybridization of
the newly replicated DNA forms extensive lengths of end-to-end chromosomes called
concatemers. One T7 genome is subsequently packaged into one phage head by cutting
the concatemer at specific sites called pac sites present between each genome, Figure 6E.
After assembly of the phage particle is complete, the cell lyses and the viral particles are

ready to infect another bacterium.

T4 DNA Replication
Shortly after infection, the T4 phage takes over host DNA, RNA, and protein synthesis,

kidnapping the cell’s RNA and protein synthetic machinery to produce its viral proteins.
T4 then degrades the bacterial genome increasing the free nucleotide pool to the

advantage of its own DNA replication. This complete dominance over cellular activities

 makes the T4 phage an attractive model for the study of DNA replication, allowing

researchers to monitor phage biosynthetic activities in the absence of any background
activity of the host. In addition, the genome of T4 contains a double-stranded linear
chromosome that, upon infection, does not cyclize. Encoding nearly all proteins needed
to carry out DNA synthesis, the T4 phage has proven to be an extremely valuable model

in the study of DNA replication.

Interestingly, the T4 mechanism of replication occurs in two stages. In stage 1, initiation
of replication occurs through an R-loop dependent mechanism, Figure 7. The host’s
RNAP synthesizes RNA primers from multiple promoters located throughout the T4
genome, and replication is initiated at seven or more origins. Later in infection, T4 no -
longer initiates by an R-loop dependent mechanism. Instead, in stage 2, T4 initiates
replication using an alternative mechanism, which is referred to as D-loop dependent,
Figure 7 (9). Initially discovered in T4, D-loop dependent replication requires the
formation of recombination intermediates for initiation to occur. Referred to as

recombination dependent replication (RDR), study of T4 DNA replication initiated at D-

10



loops proved the long hypothesized involvement of the genetic recombination process in

DNA replication.

As with the replication of the linear T7 template, the replication of the T4 genome from
defined origins in stage 1 leads to DNA molecules that contain 3’ single-stranded DNA
overhangs at their terminal sequences. However, these single-stranded 3° DNA overhangs
do not hybridize end-to-end like in T7, but are then able to invade and displace a
homologous strand of DNA on an adjacent T4 chromosome forming recombination
intermediates called D-loops, Figure 7. The 3’-OH of the invading strand then serves as a
primer for leading strand DNA synthesis and an assembly site for the replication forks.
D-loops form because the T4 genome contains redundant sequences in combination with
the packaging of slightly more DNA than that contained in a single chromosome (see
below). Currently, there are three models for DNA synthesis occurring at D-loops;
unidirectional, bi-directional, and tri-directional models, Figure 8. However, the actual
mechanism(s) that take place in vivo has yet to be determined. Unidirectional replication
is similar to bi-directional replication in that both models resolve the cross-strand
structure of the recombination intermediate by cleavage of a DNA strand. The models
differ only in the strand of DNA that is cleaved. The third or tri-directional model, on the
other hand, results from the total absence of DNA cleavage. After two replication forks
are assembled at the D-loop, similar to the bi-directional model, the forks leave the area.
The resultant Y-shaped structure could initiate a third replication fork leading to another
round of replication. Regardless, the replication fork(s) initiated from D-loops will
eventually reach the end of the DNA template, and 3’ single-stranded DNA will be
regenerated. The 3’ single-stranded DNA will then be able to invade a homologous
sequence forming another D-loop beginning the process over again. This self-
regenerating mechanism ultimately results in the formation of long concatemers of
tandemly repeated T4 genomic DNA much like those developed by the A and T7 phages.
The long concatemeric DNA is then packaged into T4 phage heads through a mechanism
referred to as headful packaging. Headful packaging obtains its name because the T4
phage does not package a single genome into its head through cleavage at cos or pac sites

as do A and T7, respectively. Instead, T4 packages as much DNA into its head as space
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will allow. Cleavage of the DNA takes place after the T4 phage head is full. This results
in the packaging of slightly more DNA than that contained in a single T4 genome. The
excess DNA contains a section of the next adjacent T4 genome redundant in sequence to
the first, and these redundant sequences at the ends of the packaged DNA will serve as
the invading strands for D-loop formation producing the long concatemers of the next

infection cycle.

II D. ©X174 DNA Replication

Unlike the phages that have been discussed so far, the @X group represent a new group
of E.coli phages that contain a small single-stranded circular DNA chromosome. These
small phages are well suited as models for the study of DNA replication for many
reasons. For example, ®X174’s single-stranded chromosome has proven easy to isolate
and prepare intact, and, also, its small size limits the number of virally encoded proteins,
and therefore the phage must rely on many of the host’s cellular proteins to direct its
DNA replication. In addition, the X174 life cycle has attributes that make it attractive
for study. After infection of a bacterium, the single-stranded circular ®X174 genome is
injected into the cell. Once inside the bacterium, the single-stranded chromosome is
converted to double-stranded DNA, which then can be replicated using a mechanism
similar to E. coli chromosomal replication. Much of the research done on the ®X174
phage concentrates on the conversion of single-stranded circular DNA to double-stranded

DNA, and we will therefore concentrate on the reactions that take place in this stage.

" The conversion of X174 single-stranded DNA to double-stranded occurs in two phases.

In phase 1, a prepriming intermediate is formed, which will be elongated by the DNA pol
III HE (see section on E.coli DNA replication) in phase 2 (10). Phase 1 requires the
action of a group of E. coli proteins that include the dnaB-dnaC complex that is involved
in oriC-directed chromosomal replication in E. coli. In addition to the dnaB-dnaC
complex, four additional proteins are involved in the formation of a prepriming complex.
These proteins are: PriA, a DNA-dependent ATPase with translocase and 3’—5’ helicase
activities; PriB and PriC, whose function still remain elusive except for a rédundant

structural role; and dnaT, Figure 9. This group of proteins assembles at a specific site on
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the ®X174 single-stranded DNA template and is referred to as the primosome assembly
site (PAS). Analysis of the PAS site demonstrated that the sequence of the site is not
directly responsible for protein binding, but instead, primosome assembly is most likely
dependent on the secondary DNA structure of the PAS site, Figure 14. In other words,
primosome assembly results from topological recognition of structures formed by the

interaction of the single-stranded DNA with itself.

Preprimosome assembly initiates with recognition of the PAS site by PriA. PriA binding
is followed by the recruitment of PriB, PriC, dnaT, and dnaB, respectively; forming the
preprimosome complex of phase 1. Formation of a functional primosome is completed
with the association of dnaG, and marks the beginning of phase 2. DnaG of the
primosome complex is then able to synthesize an RNA primer on the single-stranded
DNA template followed by the initiation of nascent DNA synthesis by DNA polymerase
I (pol I). After synthesis of about 300bp, DNA pol III HE replaces pol I and the nascent

DNA becomes the leading strand of a newly formed replication fork.

The discovery of PriA has been instrumental in the study of recombination-dependent-
replication (RDR) (see T4). Although it was initially thought not to be involved in E.coli
chromosomal replication, because it is not necessary for primosome assembly at oriC,
recent research supports the view, that PriA has a fundamental role in chromosomal DNA
replication. Isolation of priA null mutant bacteria reveals a phenotype that is
constitutively induced for the SOS DNA damage response. These bacteria are also
sensitive to UV damage and double-strand breaks. In addition, they are defective in
homologous recombination. Cell survival of priA mutants is also less than 50% of the
wild-type. These phenotypes can now be explained through a recently realized activity of
PriA, its ability to bind to D-loops. As mentioned above, D-loops are recombination
interrhediatés generated from the invasion of a homologous strand of DNA, and, in
addition to being involved in T4 DNA replication, are involved in double-strand break
repair and homologous recombination. The first evidence for a connection between
recombination and replication was provided by the analysis of the priA null bacteria

which are unable to carry out these basic cellular functions.
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II1. Yeast DNA Replication

As indicated in the preceding sections, the extensive study of E. coli and bacteriophage
DNA replication has yielded an enormous wealth of information regarding the
mechanisms involved in DNA synthesis. However, E. coli being a prokaryotic organism
has a cellular architecture that is fundamentally different from even the simplest
eukaryotic organism. Eukaryotic organisms contain a nucleus, whereas E. coli do not.
The possession of a nucleus permits the physical separation of the processes of
translation and transcription from that of DNA replication. Also, the DNA genome of
most eukaryotic organisms consists of several distinct chromosomes; these chromosomes
most often contain several different origins of replication. Therefore, only studying
E.coli and bacteriophage DNA replication will not tell us how eukaryotic cells regulate
and organize their DNA replication process. With these concerns in mind, researchers -
needed to turn their attention to the specifics of eukaryotic DNA replication. Much of the
study of eukaryotic DNA replication has been done on very simple eukaryotic
microorganisms, such as yeast. Yeast cells rapidly divide and contain only 3.5 times more
DNA than E. coli cells. Yeast genetic systems have also been well defined and serve as
an experimentally powerful arm in the study of yeast DNA replication. It has been found
that many of the types of enzymes and proteins, as well as the molecular mechanisms
involved in the replication of the E. coli DNA genome, are also used in yeast DNA

synthesis.

GLOSSARY

Circle-to circle replication: Replication of circular DNA initiated at a specific site or

origin and proceeding bi-directionally yielding an exact copy of the original circular

template.

Concatemers: A series of connected and tandomly repeated DNA sequences' or

genomes. Concatemeric circles are interlocked circular DNA sequences similar to the

rings of a chain.
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D-loop_dependent DNA replication: DNA replication initiated at D-loop structures

formed through the displacement of a strand of DNA by an invading complementary
strand of DNA establishing a 3’OH terminus for DNA synthesis and a site for the

recruitment of replication forks.

DNA Polymerase III Holoenzyme(DNA pol III HE): The DNA polymerase

responsible for synthesis of a new daughter strand of DNA onto the template strand
during the elongation phase of E. coli chromosomal DNA replication. Composed of two
cores (proteins 0€0) connected by the y complex (proteins Tydd’xw) with the addition of

the processivity factor protein p.

Okazaki Fagments: Short stretches of 1000-2000 nucleotides synthesized during

discontinuous DNA replication of the lagging DNA‘strand.

OriC: The origin of chromosomal DNA replication in E. coli. Composed of minimal 245
bp region containing three AT-rich domains and four dnaA boxes.

Primosome: A group of protein responsible for priming the DNA during DNA
replication. The primosome is responsible for lying down the initial RNA primers used as
a 3’OH terminus for the elongation phase of E. coli chromosomal DNA replication and
also for synthesis of the RNA primers that occur at the beginning of each Okazaki
fragment.

R-loop dependent DNA replication: DNA replication initiated by the synthesis of an

RNA primer via the action of an RNA polymerase (RNAP) through an AT-rich region of
DNA, which then allows the binding of factors involved in the initiation events of DNA

replication and serves as a 3’OH terminus for elongation to proceed.
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RNA polymerase(RNAP): An enzyme responsible for the synthesis of RNA onto a

DNA template. RNA polymerases can the products of the cells (c(RNAP) or can be

encode in a viral genome (VRNAP).
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Glossary

Circle-to circle replication: Replication of circular DNA initiated at a specific site or

origin and proceeding bi-directionally yielding an exact copy of the original circular
template.

Concatemers: A series of connected and tandomly repeated DNA sequences or
genomes. Concatemeric circles are interlocked circulér DNA sequences similar to the
rings of a chain.

D-loop dependent DNA replication: DNA replication initiated at D-loop structures

formed through the displacement of a strand of DNA by an invading complementary
strand of DNA establishing a 3’OH terminus for DNA synthesis and a site for the

recruitment of replication forks.

DNA Polymerase III Holoenzyme(DNA pol III HE): The DNA polymerase

responsible for synthesis of a new daughter strand of DNA onto the template strand
during the elongation phase of E. coli chromosomal DNA replication. Composed of two
cores (proteins aeB) connected by the y complex (proteins Tydd ) with the addition of
the processivity factor protein 3.

Okazaki Fagments: Short stretches of 1000-2000 nucleotides synthesized during

discontinuous DNA replication of the lagging DNA strand.

OriC: The origin of chromosomal DNA replication in E. coli. Composed of minimal 245
bp region containing three AT-rich domains and four dnaA boxes.

Primosome: A group of protein responsible for priming the DNA during DNA

replication. The primosome is responsible for lying down the initial RNA primers used as




a 3’OH terminus for the elongation phase of E. coli chromosomal DNA replication and
also for synthesis of the RNA primers that occur at the beginning of each Okazaki

fragment.

R-loop dependent DNA replication: DNA replication initiated by the synthesis of an

RNA primer via the action of an RNA polymerase (RNAP) through an AT-rich region of
DNA, which then allows the binding of factors involved in the initiation events of DNA
replication and serves as a 3’OH terminus for elongation to proceed. .

RNA polymerase(RNAP): An enzyme responsible for the synthesis of RNA from a

DNA template. RNA polymerases can the products of the cells (c(RNAP) or can be

encode in a viral genome (VRNAP).




Figure 1. The E.coli chromosomal DNA replication origin, oriC. The four boxes to the
right shaded gray represent the 9 base pair (bp) recognition sites for dnaA proteins, and
the three boxes to the left represent the 13 bp AT-rich domains melted during the

initiation of E.coli DNA replication.

Figure 2. Initiation of chromosomal DNA replication in E.coli. DnaA binds to the 9bp
sequences of oriC in the presence of the protein HU and ATP forming a complex of 20-
40 dnaA molecules around which the DNA of the origin is wrapped and is referred to as
the initial complex. In the presence of SmM ATP and at 38°C, the initial complex is
converted to an open complex via the ATP-dependent melting of the AT-rich domain by
dnaA. The dnaB-dnaC complex is then directed to the melted region of DNA through the

interaction of dnaC with dnaA. DnaB is now able to recognize the single-stranded DNA

~ further unwinding the DNA leading to the formation of the prepriming complex.

Figure 3. The E.coli replication fork. After initiation has occurred, two replication forks
form at the points where single-stranded DNA meets double stranded DNA. (A) The
diagram of the proteins present at a replication fork in E.coli. The progression of the
replication fork is directed through the helicase activity of dnaB followed by the
synthesis of RNA primers by dnaG on both the leading (bottom strand) and lagging
strand (top strand). The DNA polymerase III holoenzyme (DNA pol III HE) then
synthesizes new strands of DNA beginning with the RNA primers. The areas containing
single-stranded DNA are stabilized through the binding of single-stranded DNA binding

proteins (SSB). A more accurate representation of a replication fork is shown in (B).




Here, the DNA is unwound by dnaB at the leading end of the replication fork, and a

nascent strand of DNA is synthesized on the leading strand (top strand) by a DNA pol III

HE. Tethered to the DNA by a [ subunit dimer, the DNA pol III HE moves along the

leading strand of DNA. Synthesis of the leading strand (top strand) is coordinated with

synthesis of the lagging strand (bottom strand) through the dimerization of two DNA pol
III HE complexes by the ¥ subunit. The DNA of the lagging strand is looped around one
DNA pol III complexes, and following primer synthesis and loading of a 8 dimer at the

primer terminus by the y complex, the DNA pol III HE synthesizes multiple short 1000-
2000 bp Okazaki fragments onto the lagging strand. These Okazaki fragments will
become ligated to one another forming a long contiguous strand of DNA. The direction

of fork movement and leading and lagging strand movement are denoted with arrows.

Figure 4. The Chromosomal DNA replication terminus of E.coli. The replication
terminus is located 180° around the E.coli chromosome from oriC and contains two sets
of three directly repeated sequences called ter sites. At these ter sites, the Tus protein
binds to the DNA and abrogates replication fofk movement. However, the movement of
one replication fork can only be stopped by a Tus protein binding to a single fer site that
is in the proper orientation. This unidirectional or polar blockade of replication by Tus is
represented by the sequences to the left and the leftward moving replication fork (top
arrow), and the sequences to the right and the rightward moving replication fork (bottom
arrow). When a replication fork encounters these sequences bound with Tus, an
interaction between dnaB and Tus occurs, most likely resulting in inhibition of its

helicase activity and cessation of replication fork movement.



Figure 5 The DNA replication of phage A . Upon infection, the A DNA is injected into
the bacterium as a linear molecule. The linear A chromosome then cyclizes through the
hybridization of cohesive termini (cos sites) at the ends of the molecule (A). Circle-to-
circle DNA replication initiates at a single replication origin oriA (B) by transcription of
an RNA primer through the origin from one of two promoters (i.e. Pgrjand Pgy).
Replication forks are formed, and circle-to-circle replication proceeds producing two
daughter molecules (C). After a few rounds of circle-to-circle replication, A switches to
an alternative mode of DNA replication called rolling circle replication (E-G). Rolling
circle replication initiates by the nicking of one strand of the circular DNA resulting in a
free 3’-OH terminus that serves as a primer for DNA synthesis (E). Polymen’zation of the
new strand, rolling round and round the circular molecule, causes displacement of the old
strand forming long tandemly repeated A chromosomes called concatemers (F). Single A
chromosomes are generated from the site-specific cleavage (lightning boit) of the A

concatemer at the cos sites (G).

Figure 6. T7 DNA replication. DNA replication of the T7 phage initiates through the
synthesis of an RNA transcript from one of two T7 promoters located to the left of the T7
origin of replication (oriT7), displacing the complementary DNA strand forming an R-
loop (A). The 3’-OH terminus of the RNA transcript then serves as a primer terminus for

leading strand synthesis, and two replication forks are assembled at the R-loop (B). DNA



replication then proceeds bi-directionally copying the T7 genome. The T7 genome,
unlike A, never cyclizes during its infection cycle, and. because the DNA polymerases
require a 3’-OH terminus to elongate from, single-stranded DNA overhangs are generated
after the removal of RNA primers from the 5’ ends (C). To circumvent the loss of the
DNA overhang at the ends of the T7 genome, the T7 phage forms long DNA concatemers
by the hybridization of the terminal repeats (TR) (D). Full-length T7 genomes are then
generated through cleavage of the concatemers at specific sequences with-in the TR

called pac sites (E).

Figure 7. The mechanisms of DNA replication initiation from D-loops during T4
DNA replication. (A) Unidirectional DNA replication results‘from the cleavage of the
hybridized (¢ ) strand of DNA followed by the formation of a single replication fork. (B)
Bi-directional DNA replication occurs through the cleavage of the displaced () strand of
DNA followed by formation of two replication forks. (C) Tri-directional DNA replication
is the result of the formation of three replication forks on an uncleaved template.
Alternatively, tri-directional DNA replication could also occur if two of the DNA strands

were cleaved (not shown).
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MAMMALIAN CELL DNA REPLICATION

The process of DNA replication in mammalian cells is highly complex and has several

unique features that distinguish it from simpler prokaryotic systems. First, chromosomal
DNA replication is compartmentalized within the mammalian cell nucleus and is
partitioned from the cytoplasm which is the site of synthesis of proteins and -other
metabolites that function in DNA synthesis, as well as the site for the mediation of
extracellular stimuli that may trigger the initiation of DNA replication. Second, the
mammalian chromosome is a complex nucleoprotein structure composed of both DNA
and protein. These chromosomal-associated proteins must be duplicated along with the
DNA in order to maintain proper chromosomal organization that in turn influences gene
expression. Third, the mammalian chromosome contains multiple replication origins per
DNA molecule that promote the initiation of DNA synthesis in a precise and temporally
regulated manner. The precise firing of these replication origins leads to a spatially
regulated chromosomal DNA synthesis occurring in defined replication units or
replicons. Therefore, in that mammalian cells contain multiple chromosomes as well as
many replication origins on a single chromosome, the act of chromosomal DNA

replication must be a highly coordinated process.

To successfully mediate the complicated coordination of mammalian DNA replication it
is reasonable that the process does not occur by random collisions between soluble
enzymes and substrates but rather that it is orchestrated by an organized multiprotein
complex that could be thought of, in effect, as a molecular machine. Molecular machines
have been previously identified for the processes of protein synthesis and RNA
transcription. However, it has only been in recent years that strong evidence for

organized interactions between mammalian DNA replication proteins has been described.

In this article the current knowledge regarding the proteins mediating mammalian DNA
replication is described. There is also a discussion of the role the mammalian cell nuclear
architecture plays in DNA replication, as well as the current findings regarding

mammalian DNA sequences that potentially serve as origins of DNA replication. The



evidence for the existence of an organized DNA replication machine in mammalian cells

is also presented.

I A. Proteins That Drive the Mammalian DNA Replication Fork

The study of mammalian DNA replication lagged behind that of prokaryotes for many
years. This was due to the lack of a reliable and efficient mammalian cell-based in vitro -
DNA replication system. In 1984 the first mammalian-based DNA replication system
that successfully initiated DNA synthesis in vitro was developed by Li and Kelly. The
replication system exploited some of the unique aspects of a mammalian virus, simian

virus 40 (SV40), to drive the system.

SV40 is a small DNA tumor virus and a member of the papovavirus family. The virus
replicates its genome in the nucleus of its permissive host cell and requires only two viral
components. All other replication factors necessary for SV40 DNA synthesis are
provided by the host. Because the viral DNA replication is almost completely dependent
on the host cell DNA replication machinery, in vitro papovavirus DNA replication is not
only useful for the study of viral DNA synthesis, it has also proven to be invaluable for
the investigation of mammalian DNA replication as well. To date, it is still the best
model available for the study of mammalian DNA synthesis in vitro. One of the required
viral components for the SV40-based in vitro DNA synthesis system is the viral
replication origin. The other component is the only virally encoded protein required for
DNA replication, the large T-antigen. The large T-antigen recognizes and binds to the
viral replication origin. The large T-antigen also has a helicase activity that melts the
DNA in the replication origin that then presumably allows access of replication proteins

to this DNA.

A number of reviews have been written over the years detailing the development of the
mammalian DNA replication field following the advent of the SV40-based in vitro DNA
synthesis system, and readers may wish to consult them. However, for the purposes of
this article the employment of the SV40-based in vitro DNA replication system has led to

the identification of several mammalian DNA replication proteins. The proteins that



were demonstrated to be required for in vitro DNA replication include: DNA polymerase
o-primase, DNA polymerase 8, proliferating cell nuclear antigen (PCNA), replication
protein A (RPA), replication factor C (RFC), DNA ligase I, topoisomerases I and II, and
nucleases RNase H1 and FEN1/RTHI. The proposed action of these proteins‘ at the
mammalian DNA replication fork is shown in Figure 15 and described in more detail
below. These proteins represent the minimal number of factors needed to drive the

mammalian DNA replication fork.

I B. Proteins Mediating L.eading Strand Synthesis
As seen previously for E. coli DNA synthesis, the antiparallel nature of duplex DNA

together with the unidirectional mechanism of action of the known mammalian
replicative DNA polymerases (i.e., as in E. coli, these enzymes only polymerize in the
5°—3’ direction) dictates that one new daughter DNA strand be synthesized in a
continuous fashion in the same direction as fork movement (designated the leading
strand). The other daughter strand, therefore, is replicated opposite to the direction of
fork movement and designated the lagging strand. As described for E. coli, the lagging
strand is synthesized as short discontinuous DNA segments, defined as Okazaki
fragments. Each new Okazaki fragment is initiated from a short RNA primer. As
replication continues the RNA primer is excised, the oligonucleotide gap is filled in by a
DNA polymerase and finally each Okazaki fragment is enzymatically joined (or ligated)
to complete the synthesis of the lagging DNA strand. '

Our current information on how the leading and lagging DNA strands are synthesized in
mammalian cells has been derived almost entirely from the use of the SV40-based in
vitro DNA replication system. The current model for leading strand DNA synthesis is as
follows. The duplex DNA in an origin of replication is melted by the action of an as-yet-
to-be-defined mammalian helicase to separate the DNA strands to create two replication
forks. A single-stranded DNA binding protein (RPA) binds the melted DNA to maintain
the opened duplex DNA structure, and promote further unwinding; thereby presumably
allowing access of other replication proteins to the DNA. After the initial DNA

unwinding, leading strand synthesis is commenced by the synthesis of a short RNA



IC.

primer. This primer is synthesized by the action of primase which is tightly associated
with the enzyme DNA polymerase o. DNA polymerase o then begins to add
deoxyribonucleotides onto the RNA primer. The replication protein RFC is then
proposed to mediate a process termed “polymerase switching”. RFC facilitates the
dissociation of DNA polymerase ¢ from the growing leading strand and promotes the
loading of PCNA onto the DNA. ATP is expended in this process. Three molecules of
PCNA are loaded onto the DNA in such a manner as to form a clamp around the DNA
strand. DNA polymerase  then associates with PCNA, making the polymerase highly
processive and permitting the addition of thousands of deoxynucleotides to the growing

leading strand in one binding event.

Proteins Mediating the Synthesis of the Lagging DNA Strand

Current evidence derived from the SV40-based in vitro replication model system
suggests that priming by DNA polymerase o and subsequent switching to DNA
polymerase & occur similarly on both the lagging and leading daughter strands during
DNA synthesis. However, there must be frequent polymerase switching to accommodate
the synthesis of Okazaki fragments on the lagging daughter DNA strand. Two nucleases
are required to excise the many RNA primers that result during lagging strand synthesis.
These nucleases are RNase H1 and FENI/RTHI. The joining of adjacent Okazaki

fragments to complete lagging strand synthesis is mediated by DNA ligase 1.

I D. Roles for Topoisomerases I and II in DNA Replication

DNA topoisomerases I and II have been suggested to play a role in in vitro SV40 DNA
replication. In vitro SV40 DNA replication activity was restored by adding purified
topoisomerases I and II to depleted cell extracts. In addition, it was observed that either
the topoisomerase I or II enzyme could carry out the unwinding activity required for the
progression of the replication fork. However, a unique role. was also described for
topoisomerase II in SV40 DNA synthesis in vitro. It was observed that topoisomerase II

can also function in the segregation of newly replicated daughter molecules.
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These in vitro SV40 DNA replication studies suppoﬁ the work of others, who, using
hypotonic shock of mammalian cells, provided the first evidence to show that in intact
cells topoisomerase II is required to separate daughter chromosomes. It was then
demonstrated conclusively that topoisomerase II was required to separate daughter
chromosomes in yeast. Additional studies using intact mammalian cells showed that
topoisomerase II inhibitors effectively block SV40 chromosomal decatentation. These
intact cell studies provide the strongest evidence that DNA topoisomerase II is required

for mammalian cell DNA replication.

DNA REPLICATION AND MAMMALIAN CELL NUCLEAR ARCHITECTURE

Compelling evidence on the critically important role of nuclear architecture on

mammalian DNA synthesis has been reported. Highlights on concepts regarding nuclear
architecture as it pertains to the nuclear matrix and the organization of what are termed

“DNA replication factories” are described in the following sections of this article.

The Nuclear Matrix

Ultrastructure studies of the mammalian cell’s nucleus have shown an association of both
euchromatin and heterochromatin with an extensive nonchromatinous filamentous and

granular network in the interior of the nucleus. Over 50 years ago it was found that a

fraction -of a cell’s nuclear proteins readily resisted extraction even after treatment with

buffers of high ionic strength. This nuclear subfraction was shown to be made of the
nucleoprotein fibrillary network. The term “nuclear matrix” was applied to this
subcellular structure in 1974 by Berezney and Coffey. After much work the nuclear
matrix is now mostly considered a valid subcellular structure with several currently

defined functions and most likely a host of duties yet to be identified.

It was suggested that the nuclear matrix may participate in the unwinding of the DNA
double helix to allow access of the DNA synthetic machinery and to permit the easy
separation of daughter DNA molecules from the parental template during replication.

However, conclusive evidence showing a matrix binding region on the daughter DNA




molecule or specific attachment sites for the DNA on the nuclear matrix has not been

demonstrated.

Other evidence strongly implicates the nuclear matrix in chromosomal DNA replication.
Indirect immunofluorescence microscopy studies on human cells using a monoclonal
antibody directed against DNA polymerase ¢ revealed a granular pattern of fluorescence
in the nuclei of the cells. The fine granules and meshwork of the fluorescence resembled
the pattern that is characteristic of the nuclear matrix. In addition, fluorescent
microscopy was used to map DNA replication sites in the mammalian interphase cell
nucleus after incorporation of biotinylated dUTP. Discrete replication granules were
observed to be distributed throughout the nuclear interior and along the periphery. In situ
prepared nuclear matrix structures also incorporated biotinylated dUTP into replication
granules that were indistinguishable from those detected within the intact nucleus. It was
suggested that each replication granule may correspond to a replication cluster assembly

in which numerous tandemly arranged replicons are coordinately synthesizing DNA.

In other work, the retention of a large megacomplex containing DNA polymerase o, and
other enzymes for DNA synthesis was reported in agarose-entrapped nuclei. The
megacomplex could function in the replication of endogenous chromosomal DNA, and
some evidence was obtained suggesting that it associates with the nuclear matrix. It was
also reported by others that 100 to 150S megacomplexes containing DNA polymerase o
primase were associated with the nuclear matrix from regenerating rat liver. The
megacomplexes were believed to be composed of clusters of 10S and 17S protein
complexes that underwent dissociation when the isolated megacomplexés were Iefi at
4°C for one hour or more. Although more extensive investigation is required, these
studies strongly suggest that the mammalian DNA synthetic apparatus assembles in some
fashion into megacomplexes. These megacomplexes then associate with the covmponents

of the nuclear architecture to form a supramolecular structure for DNA synthesis.

There is a tantalizing correlation between the sizes reported for the rat liver nuclear

matrix associated DNA polymerase o-primase containing complex (17S) and that for the
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replication-competent murine cell DNA replication complex (synthesome) isolated in our
own laboratory, which will be described in more detail below. The murine DNA
synthesome is also 17S and fully supports in vitro papovavirus DNA replication. The

relationship of these complexes to one another is currently unknown.

Additional evidence in support of a role for the nuclear matrix in mammalian cell DNA
replication was provided by researchers who showed the position of a DNA replication
origin relative to the nuclear matrix by the autoradiographic analysis of nuclear matrix
halo structures. In synchronized BHK cells it was observed that labeled DNA at the
beginning of S-phase remained matrix associated, and that it later would migrate into the
DNA halo; suggesting that replication origins remain matrix bound after the initiation of

DNA synthesis.

A variety of DNA and RNA metabolism proteins have been reported to be nuclear matrix
associated. These have included DNA polymerases o and 3, topoisomease II, terminal
deoxyribonucleotidyl transferase, RNA polymerase II, DNA methyl transferase, and
DNA primase. Although the function of each of these proteins is known, the how and

why of their nuclear matrix association remains a mystery.

DNA Replication Factories

DNA synthesis in higher eukaryotes appears to occur within replication foci. These

replication sites contain many replicons, and within them DNA synthesis is mediated by a
single megacomplex of proteins. The replication factories apparently assemble in a cell-
cycle-dependent manner, appearing initially in the late G1 phase and are maintained
throughout S phase. It was observed that characteristic patterns of synthesis could be
defined, suggesting a specific S phase program for replication. These data suggest that in
higher eukaryotes a temporally coordinated activation of different sets of replicons occurs
throughout the S phase, and that activation of these sites is influenced by nuclear
structure. Early in the S phase the factories measure approximately 100 nm across, and
each factory was estimated to duplicate 10 replicons. The high level of organization of

the replication factories can be envisioned to allow a great deal of regulatory control over
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the act of DNA synthesis. The regulation of the replication factories remains undefined
at this time. Also, the relationship between the replication factories and the mammalian

cell DNA synthesome that will be described below is currently unknown.

A Potential Regulatory Role for the Nuclear Matrix during the Initiation of DNA

Synthesis
As stated above, the nuclear matrix is a highly organized structure around which DNA

and RNA synthesis is coordinated, and DNA replication appears to be carried out in |
“replication factories” that appear to be associated with the nuclear matrix. Evidence
consistent with this suggestion has been presented by a number of other investigators.
Functional evidence supporting this concept has demonstrated that the earliest replicating
DNA is associated with the nuclear matrix, and that only nuclear matrix packaged DNA
was able to correctly initiate DNA synthesis from a specific replication origin sequence.
Thus far, the only matrix attachment consensus sequences observed in higher eukaryotes
are the sequence ATTA and the closely related ATTTA sequence. Inverted repeats are
also found in mammalian replication origins; however, the presence of cruciform
structure is not detectable at matrix attachment sites. The data provided by these
laboratories suggest the importance of the nuclear matrix in organizing the DNA and in
potentially regulating the initiation of DNA synthesis at a specific DNA sequence.
However, evidence has also been presented indicating that the recognized matrix
attachment consensus sequences are not essential elements in all higher eukaryotic
replication origins isolated thus far. This observation does not imply that matrix
attachment is not important to the proper regulation of DNA synthesis, because
unrecognized matrix attachment regions might be present in the DNA adjacent to these

isolated replication origins.

THE ISOLATION OF A FULLY FUNCTIONAL DNA REPLICATION
MACHINE FROM MAMMALIAN CELLS

The first successful isolation, extensive purification and characterization of an intact

mammalian cell multiprotein DNA replication complex that is both stable and fully

functional in vitro has been described. The replication-competent multiprotein complex



has been isolated from a wide variety of mammalian cells grown in culture as well as
from tissue. The multiprotein DNA replication complex has been purified approximately
3600-fold from cells using a series of centrifugation, polyethylene glycol precipitation,
ion-exchange chromatography, density gradient sedimentation and native polyacrylamide
gel electrophoretic steps. The sedimentation coefficient of the multiprotein complex
from human cells was 18S, as determined by sucrose gradient analysis, while that
isolated from murine cells was 17S. It has also been shown that the replication complex
was a discrete protein species in 4% native polyacrylamide gels. The integrity of the
multiprotein complex was maintained after its treatment with detergents, salt, RNase,
DNase, chromatography on anion exchange resins, sedimentation in glycerol and sucrose
density gradients, and electrophoresis through native polyacrylamide gels, indicating that
the association of the replication proteins with one another was independent of non-
specific interaction with other cellular macromolecular components. Most importantly, it
was demonstrated that this complex of proteins was fully competent to replicate DNA in
vitro. The human cell complex supported in vitro SV40 DNA synthesis, while the mouse
cell complex replicated polyomavirus origin containing duplex DNA. This result
indicated that all of the cellular activities required for large T-antigen dependent z"n vitro
papovavirus DNA synthesis were present within the isolated multiprotein form of the
DNA replication apparatus. This is particularly important in view of the fact that
papovavirus is completely dependent on the host cell’s DNA synthetic machinery for its
own DNA replication. These results, therefore, indicate that the isolated multiprotein
complex mediates not only papovavirus DNA synthesis, but it must function in

mammalian cell DNA replication as well.

The DNA replication proteins identified to co-purify with the multiprotein complex, thus
far, are: DNA polymerase a-primase, DNA polymerases § and €, DNA ligase I, RPA,
RFC, PCNA, and topoisomerases I and II. A DNA helicase activity was also observed to
co-purify with the replication-competent multiprotein complex. This replication complex
associated DNA helicase activity may function to promote the melting of parental DNA
strands to permit access of the elongation components of the replication complex to the

DNA.
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It has also recently been shown that poly (ADP-ribose) polymerase (PARP) co-purifies
with both the human and murine cell derived replication complex. PARP has been
demonstrated to modulate the structure and function of a number of proteins involved in
DNA metabolism through their poly (ADP) ribosylation. It was found that
approximately 15 of the 35 polypeptides composing the replication complex are poly
(ADP) ribosylated. These data strongly suggested that poly (ADP) ribosylation of some

the replication complex’s components may modulate its DNA synthetic activity.

The mammalian cell replication complex was also examined for its ability to utilize
nucleosome-assembled duplex DNA as a parental DNA replication template. The
experiments indicated that nucleosome containing DNA was replicated efficiently by the
replication complex, indicating that the complex was fully capable of synthesizing DNA

that was assembled into a chromatin-like structure.

A model to represent the mammalian Multiprotein DNA Replication Complex
(designated the MRC or DNA synthesome) has been described and was based on the
observed fractionation, chromatographic and sedimentation profiles of the individual
replication proteins found to co-purify with the complex, Figure 16. The proteins, DNA
polymerases @, 6, and €, DNA primase, RF-C, PARP, DNA helicase, DNA ligase I and
topoisomerase II, are observed to exclusively co-purify with one another during the
isolation of the DNA synthesome. This would suggest that these proteins are "tightly"
associated with one another, and it was proposed that these proteins form the "core" of
the DNA synthesome. It is interesting to note that these proteins also function primarily
in the elongation phase of DNA synthesis. PCNA, which functions as an accessory factor
for DNA polymerase 8, was observed to be more "loosely" associated with the DNA
synthesome. This may reflect this protein’s suggested diverse functions in both DNA
replication and repair. PCNA was represented in the model as a component of the DNA

synthesome, but not as a member of the core.
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Topoisomerase I and RP-A, together with the helicase activity of the papovavirus large
T-antigen, are involved in the initiation events of papovavirus DNA replication. A
similar role for the topoisomerase I and RP-A proteins associated with the mammalian
DNA synthesome has been proposed. It was observed that topoisomerase I and RP-A,
like PCNA, do not "tightly" associate with the DNA synthesome protein members that
compose the core. It was therefore proposed that topoisomerase I and RP-A constitute
the DNA synthesome’s "initiation" component. Together, the core and initiation

components constitute the synthesome.

Recently, additional evidence was obtained indicating the direct protein-protein
interaction of DNA polymerases o and 8, DNA primase, RF-C and PCNA with each
other in the DNA synthesome. These results were supported by previous work of other
laboratories. These findings have led to a new model for the organization of several of
the proteins within the core component of the DNA synthesome, Figure 17. Overall, the
data éuggested that the mammalian cell DNA synthesome represents an asymmetric
multiprotein complex for DNA replication. According to the current model for DNA
replication fork movement, described above, polymerase o-primase synthesizes RNA
primers required for the initiation of leading DNA strand and Okazaki fragment
synthesis, whereas, DNA polymerase & conducts both leading and lagging strand DNA
synthesis during the elongation phase of DNA replication. It has been postulated that
RF-C facilitates coordinated leading and lagging strand synthesis by serving as a
molecular hinge between DNA polymerases o and 8. Studies performed with the DNA
synthesome support this hypothesis as they provided direct evidence for a close
association between DNA polymerases ¢, & and RF-C within the complex, Figure 17.
Additionally, PCNA may participate in the coordination of leading and lagging strand
synthesis by the DNA synthesome, as it was found to tightly associate with DNA
polymerases o, § and RF-C. Such a role for PCNA in DNA replication is supported by
studies demonstrating that only early replicative lagging strand products are synthesized
in vitro in the absence of the protein. Furthermore, as DNA polymerase € is a core
component of the mammalian cell DNA synthesome and closely associates with PCNA

in the complex, it suggests that this protein also may play a role in DNA replication.
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IV.

Further work must be performed in order to determine the exact function of polymerase €
within the DNA synthesome. However, it has been proposed that the protein may
mediate the conversion of DNA primers into Okazaki fragments or act as a molecular
sensor of DNA damage in eukaryotic cells. The protein-protein interactions of
synthesome-associated DNA ligase I and topoisomerases I and II have yet to be

established.

MAMMALIAN DNA REPLICATION ORIGINS

Mammalian origins of DNA replication are highly complex structures composed of

nucleotide sequences. They encode specific elements required to destabilize the helical
structure of the DNA, bind specific protein factors that participate in the initiation phase
of the DNA synthetic process, and specify the position within a chromosome from which

DNA replication will initiate.

IV A. General characteristics of nucleotide sequences serving as replication origins

The nucleotide sequence encoding several bacterial, bacteriophage and eukaryotic viral
origins of DNA replication have been clearly defined and their structures essentially
elucidated. Considerable progress has also been made in identifying and characterizing
the structure of replication origins in the budding yeast S. cerevisiae. In contrast to these
origins of replication, mammalian cell replication origins appear to be far more complex
structures; consisting of diverse sets of core origin nucleotide sequences, (i.e., replication
initiation domains), DNA unwinding elements (DUE), matrix attachment regions, and
transcription factor binding sites. Only a few of the replication initiator sites, at which
mammalian chromosomal replication originates, have been identified, and the complete
characterization of these and other potential initiator sites is still underway. The limited
supply of information describing the characteristics of mammalian cell origins of
replication contrasts sharply with that available on bacteria, bacteriophage and eukaryotic
viral replication origins. This is due in part to the apparent dependence of mammalian
origins on origin structure and topology rather than on highly conserved, specific
nucleotide sequences. This feature of mammalian cell replication origins has made their

isolation and subsequent characterization an extremely difficult task.
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IV B. DNA replication initiates within specific chromosomal domains

In mammalian cells, DNA synthesis appears to initiate within small chromosomal
domains rather than at specific conserved nucleotide sequences. There appear to be
multiple preferred (or primary) sites of initiation within each chromosome, as well as a
variety of secondary initiation sites. These secondary sites appear to be utilized to a far
lesser degree than the primary initiation sites, and it is possible that these secondary sites
direct the initiation of DNA synthesis when the adjacent primary site becomes
inoperable. The degree to which one initiation site is chosen over another is at present
thought to be due to a combination of factors that influence origin recognition and
utilization. These factors appear to involve the organization of the structural elements
recognized as components of a replication origin. In addition, the organization of the
elements within a chromosome is believed to participate in the structure and topology of
the mammalian replication origin; suggesting that these elements have the ability to

participate in the regulatory processes which can control the initiation of DNA synthesis.

IV C. Current models describing mammalian replication origins

Several models have been proposed in an attempt to reconcile the apparent discrepancy
between the findings of some investigators that mammalian DNA synthesis initiates at
specific DNA sequences and other results indicating that DNA replication can initiate at
seemingly random points within the genome. The first model, termed the "Jesuit" model,
postulates that there are a larger number of replication origins within the mammalian
genome than are necessary to ensure its complete replication. Origin utilization is viewed
as a stochastic process where initiator protein binding, DNA unwinding, and synthesis of
RNA primers all contribute to a final probability of utilizing a specific replication origin.
A second model, called the "strand separation" model, postulates the existence of a broad
unstable initiation zone. Microbubbles form within this zone, and these bubbles result in
the initiation of DNA synthesis from multiple sites within this zone. Initiation is
accompanied by the unwinding of a large region of the chromosome. A third model,
designated the "unidirectional bubble" model, proposes the presence of primary initiation

sites, which are adjacent to weak secondary sites. Utilization of these secondary sites to
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initiate DNA synthesis is thought to result from stresses created in the duplex DNA.
Finally, a fourth model, described as the "reformation" model predicts that polymerase o-

primase primes multiple initiation sites within a broad replication origin zone. The

~priming of the initiation site is followed by the switching of DNA polymerase § for

polymerase o within an organized replication factory, engaged with the DNA at the
replication origin. The switching of DNA polymerases is proposed to be a necessary
step; enabling the primed initiation sites to be elongated rapidly, and to permit potential

mismatches in the newly replicated DNA to be corrected efficiently.

IV D. DNA unwinding elements

DNA unwinding elements (i.e., DUE’) appear to be located within or adjacent to the
mammalian replicator, or "core-type" origin, sequences. These DUE’ are AT rich, and
have been identified in a variety of eukaryotic cellular and viral origins. The DUE is
composed of a non-conserved nucleotide sequence, which exhibits reduced helical
stability, relative to that of the surrounding DNA. Several cloned human DNA fragments
containing DUE’s exhibit a high degree of DNA synthetic activity. Sequence analysis of
three of these cloned human DUE’s indicates the presence of long stretches of
dinucleotide repeats composed principally of the dinucleotides AT, and occasionally of
the dinucleotides GT. DNA melting is facilitated by negative supercoiling within the
DUE, and the association of single-stranded binding protein (e.g., RP-A) with the
individual strands of the DUE. The association of RP-A with the DUE, following
melting of the element, may be related to the observed loading of RP-A onto newly
replicated DNA during M phase. Base stacking interactions within the DUE contribute
significantly to the characteristics of the element; indicating that the characteristic helical
instability of the DUE is not solely a function of the AT content of the origin. DUE sites
are generally observed to lie adjacent to replication initiator protein binding sites. It has
been suggested that this observation indicates that a replication fork can process in only
one direction immediately following initiation. However, an alternate interpretation
would suggest that unwinding of the DUE following initiator protein binding could create

a microbubble structure at the DUE facilitating access of replication complex



components to the DNA forks formed at either end of the microbubble. This would

enable replication to proceed bi-directionally following unwinding of the DUE.

The helical instability of the DNA unwinding element may also have a role in creating
alternate secondary structure such as Z-DNA, triple-stranded DNA, bent DNA or DNA
cruciforms. Consistent with this suggestion is the observation that AT-rich regions are
commonly associated with nuclear matrix attachment regions, chromosome scaffold
attachment sites, topoisomerase II recognition sites, and replication initiator protein
binding sites. In addition, the identification of specific proteins that bind AT-rich
sequence tracts within replication origins has been reported, and there is at least one

report that these AT tract binding proteins may be associated with a distinct DNA

helicase.

IV E. Protein interactions with specific mammalian replication origin nucleotide

sequences
A variety of proteins that bind to specific DNA sequences associated with mammalian
replication origins have been reported. These proteins range in size from 28 to 150 kDa,
and recognize nucleotide sequences that are generally AT rich. One notable exception is
the PUR protein which binds to a GC-rich consensus element found near a number of
replication origins and promoter elements. Several years ago a six polypeptide protein
complex termed the origin recognition complex (i.e., ORC) was identified through a
series of studies designed to identify proteins which specifically recognize a yeast origin
of DNA replication. Subsequent studies have demonstrated the importance of these
polypeptides in maintaining the proliferative ability of the yeast cell. Recently, the
human counterparts to some of the yeast ORC subunits has been cloned. The
identification of these human homologs to components of the yeast ORC suggests that
human cells most likely contain an analogous complex that is likely to function in
mediating events associated with transcription and potentially DNA replication. It also
suggests that there must be DNA sequence elements that are related to one another in
both the yeast and human genomes. These sequence elements are presumably recognized

by the corresponding ORC complex polypeptides. Presumably, the human homolog to
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the yeast ORC can also be expected to mediate transcription silencing and origin

recognition.

IVF. Auxiliary factors facilitating the initiation of DNA synthesis

Transcription factor binding sites are now recognized as cis-acting auxiliary components
which facilitate the initiation of DNA synthesis from mammalian replication origins.
Four models have been proposed to explain how transcription factor binding facilitates
the initiation of DNA synthesis from a replication origin. The first model suggests that
origin-associated transcription factors promote the transcription of RNA molecules which
act as primers. These primers are used during the initiation phase of the DNA synthesis
process. The second model proposes that transcription factors act by: 1) preventing
chromatin structure mediated repression of origin function. This model suggests that
chromatin structure is maintained by displacement of histones from the DNA; or 2)
counteracting the condensation of DNA into heterochromatin. The third model suggests
that transcription factors can direct the binding of an initiator protein to a replication
origin core sequence, and subsequently facilitate the association of the DNA synthetic
apparatus with the initiator protein. The fourth model proposes that transcription factors
activate the initiator protein(s), rather than recruit this protein(s) to the origin. Activation
of the initiator protein then facilitates unwinding of the DNA, which in-turn promotes

primer synthesis.

The evidence presented for the loading of the eukaryotic single-stranded DNA binding
protein, RP-A, onto eukaryotic viral origins by transcription factors suggest that the third
model may most accurately describe mammalian origins. However, no convincing
evidence has been presented thus far directly linking the specific binding of a known
transcription factor to the components of the cellular DNA synthetic apparatus and the
subsequent enhanced utilization of a mammalian replication origin by this apparatus. In
addition, it has been recognized that the ability of specific transcription factors to
stimulate transcription does not correlate with their ability to enhance the initiation of
DNA synthesis. The second and third models described in the preceding paragraph,

predict that transcription factor binding to an origin of replication facilitates the initiation
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of DNA synthesis by enhancing unwinding of the DNA duplex at the DUE. This implies
that the transcription factor binding site must be either adjacent to or relatively near the
DUE. Inspection of the transcription factor binding domains associated with the SV40
origin of replication reveal their presence near the early palindrome. The fourth model
suggests that transcription factor binding to an element within a replication origin acts
directly to activate a replication initiator protein; implying that the factor’s binding site

must be adjacent to the core origin sequence recognized by the initiator proteins.

V. WHAT WE DON’T KNOW YET ABOUT DNA SYNTHESIS

Although a wealth of information is available on the proteins, genes and molecular

mechanisms involved in the replication of DNA there still are many unanswered

‘questions regarding this pivotal process in the life cycle of a cell. Also, many of the most

difficult questions deal with the replication process mediated in eukaryotic cells. Our
intention is not to list every unanswered question, but to describe some of the most
important problems remaining to be solved; while providing the reader some feeling for

the complexity of the issues.

One of the most fundamental questions is whether the replication proteins move along the
DNA strand or whether the DNA helix actually moves through a stationary replication
apparatus. If the replication apparatus where to move along the double helix, the products
of replication would undoubtedly move out from a rotating complex and could
conceivably become entangled with one another. If however, the replication apparatus
were stationery, then the two daughter strands could become segregated from one another

by being directed toward two adjacent sections of the nucleus.

A second question centers on how the replication proteins are organized within the living
cell. One view suggests that a functional DNA synthetic apparatus is assembled at a
replication origin during S-phase, while at other points within the cell cycle the
replication apparatus is disassembled into its component subunits. An alternate view
suggests that these replication proteins remain assembled within the actively cycling

cells, but only become activated at the onset of the S-phase.
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Another question focuses upon the potential roles of the nuclear architecture in the
organization of the DNA replication apparatus, the DNA strands, and regulation of the
activity of the protein components making-up the replication apparatus. For example,
there is a model proposed by Tubo and Berezeny (1987) that suggests that actively
cycling cells contain an assembled DNA synthetic apparatus that is organized into
clusters which bind around nuclear matrix filaments. Such a model favors the concept

that replicating DNA moves through a stationary DNA synthetic apparatus.

A fourth question pertains to the mechanism used by cells to determine when the
replication process is complete. In essence, how does the cell know that the replication of
a DNA strand was completed. In the case of mammalian cells, the presence of multiple
origins of replication on a single chromosomal length of DNA, typically results in one
replication fork moving in one direction and ultimately colliding with a second
replication fork moving in the opposite direction. But the question then becomes, why
don’t the origins giving rise to these replication forks initiate the next round of replication
on these daughter strands prior to conclusion of the S-phase and before cell division can

segregate each of the daughter DNA molecules into new daughter cells?

Precisely how and when the methylation of DNA occurs is another fundamentally
important question. One model suggests that methylation of DNA occurs when a DNA
methlytransferase transfers a methyl group to DNA at some finite time following the
completion of the synthesis of the new DNA strand. Another model suggests that
methylation occurs very shortly after creation of the nascent strand, and potentially

before the strand leaves the replication apparatus.

Another fundamental observation pertaining to the replication process in mammalian
cells is that the fidelity with which the replication process is carried-out results in an
estimated single mutation per 10" nucleotides copied. This observation has led many
researchers to ask, “What makes the DNA synthetic process so faithful? One part of the

answer must be that the newly synthesized DNA strands are monitored for nucleotide
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mispairing. However, our understanding of how this monitoring actually occurs, and
how the subsequent events leading to the correction of nucleotides mismatches is
regulated remains obscure. Work performed in an attempt to address this issue invariably

led to the following question.

How are DNA repair and replication linked? At some level, the proteins responsible for
detecting and correcting DNA mismatches must scan and then interact directly with the
newly synthesized DNA strand to correct nucleotide mispairings that occurred during the
replication process. This must occur prior to the new daughter strand becoming imprinted
with the parental methylation pattern. In addition, the nucleotide and base excision repair
processes appear to share a number of the same proteins as the replication process. As an
example, two of these proteins in mammalian cells are DNA polymerase delta and
PCNA. Precisely how these proteins intermesh with the other repair proteins remains
unclear, and how, as a group, they function to mediate the repair processes either while

the replication process is occurring or after it is completed has still to be determined.

One of the truly significant motivations for studying the DNA synthetic process in
mammalian cells stems from the question, “Does the DNA replication machinery of
tumor cells differ from that of normal cells?” If it does, then the implications of having
this information and utilizing it for advancing the health-care and well-being of people
around the world become enormous. First, identification of specific differences in the
component structure and activity of the DNA synthetic apparatus of normal and tumor
cells could lead to highly specific tumor cell markers that could greatly facilitate the early
detection of tumors (e.g., prior to the presence of symptoms within the individual).
Second, identification of the biochemical basis for these differences in structure and
activity would very likely point toward new biochemical targets that could be, in
themselves, fundamental hallmarks of malignancy, and therefore new targets for highly

specific therapies that could truly target only the cancer cell.

Clearly, these are only a few of the important questions associated with the replication

process. Some of these are fundamental basic science questions that would provide
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clearer insights into the replication process. Still other questions have direct bearing on
long-term human health and improving the well being of families and friends around the
world. There are essentially an enormous number of questions that are only limited by the
readers imagination. The shape of those questions will help determine what we learn
about the basic biochemical process of DNA replication, and how well we will use that

information to help save lives and shape our future as a species.
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